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Chicken skeletal muscleVertebrate genomes encode thousands of non-coding RNAs including short non-coding RNAs (such as micro-
RNAs) and long non-coding RNAs (lncRNAs). Chicken (Gallus gallus) is an important model organism for de-
velopmental biology, and the recently assembled genome sequences for chicken will facilitate the
understanding of the functional roles of non-coding RNA genes during development. The present study con-
cerns the ﬁrst systematic identiﬁcation of lncRNAs using RNA-Seq to sample the transcriptome during chick-
en muscle development. A computational approach was used to identify 281 new intergenic lncRNAs in the
chicken genome. Novel lncRNAs in general are less conserved than protein-coding genes and slightly more
conserved than random non-coding sequences. The present study has provided an initial chicken lncRNA cat-
alog and greatly increased the number of chicken ncRNAs in the non-protein coding RNA database. Further-
more, the computational pipeline presented in the current work will be useful for characterizing lncRNAs
obtained from deep sequencing data.
© 2012 Elsevier Inc. All rights reserved.1. Introduction
A precise map of transcripts together with their expression dy-
namics in various tissues and developmental stages can provide mo-
lecular insights into biological processes. Protein-coding genes are the
subject of the majority of functional studies. However, the protein-
coding sequences constitute a small proportion of the whole genome,
and the majority of sequences in a given genome are transcribed as
non-protein coding RNAs (ncRNAs) [1–3], which play critical roles
in regulating gene expression during several biological processes
[4–6]. Many ncRNAs including microRNAs, piRNAs, and snoRNAs
have been systematically identiﬁed in mouse and humans [7,8], but
have yet to be discovered in other organisms. Therefore, the system-
atic identiﬁcation of lncRNAs is becoming increasingly important for
uncovering their functional roles during development and pathologi-
cal states.
lncRNAs, referred to as mRNA-like long non-coding RNAs, are
transcribed by RNA polymerase II, then spliced, polyadenylated, and
conceivably capped [9–11]. These biochemical features make itedical Molecular Biology, Insti-
dical Sciences, School of Basic
n Tiao, Beijing 100005, China.
gmail.com (D. Zhu),
rights reserved.difﬁcult to discriminate lncRNAs frommRNAs. The protein-coding po-
tential, measured by the length and/or conservation of open reading
frame (ORF), is commonly used to distinguish the protein-coding
from the non-coding transcripts [12]. Large-scale analyses of the
RIKEN mouse full length cDNA collection, which contains 60,770 se-
quences, indicated that approximately half of all representatively
cloned sequences contained no apparent protein-coding sequence
[13]. From this data resource, Numata et al. identiﬁed 4280 candidate
lncRNA transcripts lacking protein-coding potential [14]. Ravasi et al.
demonstrated that a signiﬁcant portion of these transcripts exhibit
tissue-speciﬁc expression patterns and that there were dynamic
changes in their expression in macrophages following lipopolysac-
charide stimulation, suggesting that they were functional in mam-
mals [15]. Recently, using a chromatin signature combining histone-
3 Lys trimethylation modiﬁcations (H3K4me3, H3K36me3), Guttman
et al. discovered ~1600 long intergenic ncRNAs (lincRNAs) from four
mouse cell types and Khalil et al. discovered ~3300 lincRNAs from six
human cell types [16,17]. The identiﬁcation of 849 lncRNAs (1328 ex-
amined) that had speciﬁc expression patterns in the adult mouse
brain through detailed analysis of in situ hybridization data from
the Allen Brain Atlas supported the functional role of lncRNAs [18].
Similarly, 945 lncRNAs were expressed in mouse embryonic cells at
various stages of differentiation [19]. A number of functional studies
have also been performed for several lncRNAs in mammals including
Airn which is required for silencing autosomal imprinted genes [20],
Dlx6as1 which functions as a Dlx2 transcriptional coactivator [21],
Fig. 1. Length distributions of 59,514 assembled transcripts. X axis is the log2 trans-
formed transcript length; y axis is the number of transcripts with the correspond-
ing length.
Fig. 2. Pipeline used to identify putative lncRNAs from the deep sequencing data. Se-
quence reads were assembled and annotated according to the known transcripts. Un-
known coding genes were ﬁltered using minimum ORF length and CSF score for
those not overlapped with the known transcripts.
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and XIST which functions in dosage compensation [23].
The chicken (Gallus gallus) is an established model organism for
studying vertebrate development due to the accessibility of the em-
bryos and the ease of its manipulation [24]. As a representative of
the lineage composed of extant birds, the chicken occupies an im-
portant position in bridging the evolutionary gap between mammals
and other vertebrates. However, in contrast to mammals, the chick-
en ncRNA transcriptome has not been fully characterized. Several
groups have identiﬁed chicken microRNAs and snoRNAs using ex-
perimental and computational analysis [25–28]. Up to 125 chicken
ncRNAs with lengths ranging from 50 nt to 300 nt [29] were
found by constructing a cDNA library. Unlike microRNAs and snoR-
NAs, a few chicken lncRNAs have been reported because they are
generally not conserved outside the restricted phyletic lineages,
making it less likely for them to be inferred from the known loci
of mouse and human genomes. For example, by screening the ex-
tremely conserved mouse non-coding RNAs from the Functional An-
notation of the Mammalian Genome (FANTOM) database, Chodroff
et al. identiﬁed only four that were functional in chicken and
showed expression patterns that were conserved across all verte-
brates [30]. Therefore, systematic identiﬁcation of chicken lncRNAs
should rely on high-throughput experiments that sequence chicken
RNAs and computational analysis that maps and assembles the se-
quence fragments.
Deep sequencing is a widely used high-throughput technology for
transcriptome proﬁling in mammals [31–33]. The aim of the present
study was to identify chicken lncRNAs ranging from 300 nt to 1600
nt long. Total RNAs from the chicken skeletal muscle at embryonic
stages were fractionated using 6% urea Polyacrylamide Gel Electro-
phoresis (PAGE). Selected RNA fractions (300 nt to 1600 nt) were se-
quenced using the Illumina technology and the sequenced reads were
assembled using the Cufﬂinks software yielding 59,514 transcript
models. A pipeline was developed to screen for lncRNAs from the Cuf-
ﬂink reconstructed transcript models, and identiﬁed 281 chicken
intergenic lncRNAs with respect to the transcriptomes of Chicken
mRNAs, RefSeq Genes, Other RefSeq, and Ensembl Gene tracks in
UCSC. Among these, eight out of 16 randomly selected lncRNAs
were validated using reverse transcription polymerase chain reaction
(RT-PCR). The present study provided an initial lncRNAs catalog of
chicken that will greatly increase the number of chicken ncRNAs in
the non-protein coding RNA database and provide important infor-
mation concerning chicken genome annotation. Moreover, the com-
putational pipeline presented herein will be useful for
characterizing lncRNAs from deep sequencing data.
2. Results and discussion
2.1. Deep sequencing
To investigate the functions of non-protein coding RNAs (ncRNAs)
during skeletal muscle development, chicken ncRNAs with lengths
ranging from 50 nt to 500 nt have been identiﬁed [29]. Herein, chick-
en skeletal muscle lncRNAs, with lengths ranging from 300 nt to 1600
nt, were systematically identiﬁed. lncRNAs could be sorted from the
sequencing data using total RNA. However, low-abundant RNAs
were difﬁcult to sequence owing to the presence of highly abundant
RNAs, such as ribosomal RNAs in the total RNA. Therefore, RNA frac-
tionation (see Materials and methods section) was used to limit the
amount of highly abundant ribosomal RNAs from the total RNA of
chicken skeletal muscle, and RNAs between 300 nt and 1600 nt
were used for a paired-end 75 nt Illumina sequencing (RNA-Seq).
Illumina sequencing yielded approximately 14 million paired 75 nt
reads. Sequenced fragments were mapped to the chicken genome
(May 2006, galGal3) using Tophat [34], which can align reads across
splice junctions without relying on gene annotation. More than 80%of the total reads (11.3 million) were mapped to the chicken genome.
By discarding the redundant reads and reads mapped to the mito-
chondrial genome (ChrM), three million mapped reads were used
for assembling putative lncRNAs with the Cufﬂinks program [33]
and 59,514 assembled transcripts were obtained. Fig. 1 demonstrates
the length distribution of the 59,514 assembled transcripts, which is
consistent with the length of input RNA samples ranging from 300
nt to 1600 nt.2.2. Development of pipelines for the discovery of long non-protein
coding RNAs
The identiﬁcation and characterization of long non-protein coding
RNAs are an experimental and computational challenge. In the pre-
sent study, a pipeline (Fig. 2) was developed to identify the putative
lncRNAs from deep sequencing data, with sequence reads being as-
sembled using Cufﬂinks. The assembled transcripts were annotated
using the Cuffcompare program from the Cufﬂinks package. The un-
known transcripts were used to screen for putative lncRNAs. Two
computational approaches were combined to sort non-protein coding
RNA candidates from putative protein-coding RNAs in the unknown
transcripts. Putative protein-coding RNAs were ﬁltered out using a
minimum ORF length threshold [12]. Transcripts with ORF lengths
less than 180 nt were selected as lncRNA candidates and further
screened using codon substitution frequencies (CSF) that have the
power to distinguish the protein-coding genes from the non-coding
genes [16,35,36].
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The 59,514 assembled transcripts from original reads contained
protein-coding and non-protein coding RNAs. To identify novel
lncRNAs among these transcripts, the assembled transcripts were an-
notated using the Cuffcompare program developed by Trapnell et al.
[33]. The assembled transcripts could be grouped into different clas-
ses according to their relative positions as reference (Fig. 3A) using
the Cuffcompare program. Among the different classes of transcripts,
those annotated as “u”, which are unknown intergenic transcripts,
captured our interest.
To distinguish the novel transcript lncRNAs from the mRNAs, a
minimal ORF length criterion was applied. Using various minimum
ORF lengths, different numbers of putative lncRNAs were predicted
(Fig. 3B). The FANTOM consortium has been reported to use a cutoff
of 300 nt (100 codons) to identify putative mRNAs [13]. To reduce
false positive predictions, a cutoff of 180 nt (Fig. 2) was used. Howev-
er, there is a possibility that the real lncRNAs could be lost owing to
the stringent selection. This analysis resulted in the identiﬁcation of
283 putative intergenic lncRNAs for the assembled transcripts in the
“u” class (Fig. 3B).
2.4. Identiﬁcation of putative lncRNAs using codon substitution frequency
The use of minimum ORF length to identify putative lncRNAs is a
straightforward approach but has intrinsic problems. mRNAs with
fewer than 60 codons can be incorrectly classiﬁed as lncRNAs even
with the use of a very strict cutoff of 180 nt. In the previous study,
Frith et al. found that roughly 10% of mouse proteins are shorter
than 100 aa [37]. For chicken, the length distribution of proteins an-
notated by the ENSEMBL database demonstrated that there are
known small proteins comprising fewer than 60 aa (Supplementary
Fig. S1). Therefore, other biological features possessed by non-
protein coding RNAs must be considered when developing a new
strategy to characterize lncRNA more precisely.
Non-protein coding RNAs are less conserved than protein-coding
RNAs, which is a very useful evolutionary feature that distinguishes
non-protein coding RNAs from protein-coding ones. Protein-coding
regions usually have selective preference for synonymous substitu-
tions and amino acid substitutions preserving biochemical properties.Fig. 3. A) Different classes of assembled transcripts according to their relative posi-
tions with known genes. B) Number of putative lncRNAs classiﬁed by various mini-
mum ORF lengths.However, non-protein coding RNAs can tolerate nucleotide changes
unless the mutation interferes with the conformation of the RNA ter-
tiary structure or binding sites. Inspired by this concept, Lin et al.
established a metric obtained by CSF (codon substitution frequency)
to assess the characteristic evolutionary signatures of protein-
coding and non-protein coding RNAs [16,35,36]. This approach
could be applied to distinguish lncRNAs from protein-coding RNAs
on the basis of the CSF score.
To further characterize the putative lncRNAs on the basis of mini-
mum ORF length, CSF scores were calculated for the 283 putative
intergenic lncRNAs and a control group of known protein-coding
genes sequenced in our library. As presented in Fig. 4A, the putative
lncRNA groups and protein-coding control group could be separated
on the basis of CSF scores. Putative intergenic lncRNA groups have
lower CSF scores compared with the protein-coding control group.
The majority of putative lncRNAs (281/283 with CSF scores less
than 10) could be distinguished from the protein-coding group, indi-
cating a high reliability for those transcripts that are most likely bona
ﬁde lncRNAs. The chromosome locations of the 281 intergenic
lncRNAs are presented in the Supplementary Table S1. For the 281
intergenic lncRNAs, only one of them was found to be spliced (Sup-
plementary Table S2). The length distribution of the putative lncRNAs
is presented in Fig. 4B.
To validate the CSF approach, known mouse mRNAs in RefSeq
were scored with NM preﬁx and non-protein coding RNAs. CSF scores
for various transcripts indicated that this approach could discriminate
the protein-coding from the non-protein coding RNAs. The CSF scores
for microRNAs and groups of snoRNA, rRNA, and tRNA were low as
shown in Supplementary Fig. S2. The putative chicken lncRNAs
were longer than 300 nt. Therefore, CSF scores for the RefSeq NR pre-
ﬁx genes longer than 300 nt were calculated. The transcripts with anFig. 4. A) CSF (codon substitution frequency) score distribution for various transcripts.
B) The length distributions of 281 putative intergenic lncRNAs. C) FPKM comparison of
coding mRNAs and intergenic lncRNAs. The x axis is the log10-transformed FPKM value.
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an NM preﬁx are mRNA transcripts as annotated in NCBI. The data
from Supplementary Fig. S2 demonstrated that the NR and NM tran-
scripts are signiﬁcantly separated (Kolmogorov–Smirnov test pb1e
−10). NR transcripts with higher CSF scores might be unknown
mRNAs.
In Fig. 4A, a low CSF population for coding mRNAs in chicken
mainly because of the gaps in multi-species alignment data for the
Chicken genome, where CSF is assigned a zero score when no align-
ment data can be found for that interval was found. Currently, avian
genomes were under-represented in the public database; therefore,
it is likely that some bird-speciﬁc genes may not be found or were
poorly conserved in the mammalian genome. Similar ﬁgure to
Fig. 4A were also generated, but coding mRNAs having at least
60 bp alignable to at least one other species (shown in Fig. S3) were
used. The number of coding mRNAs with CSF score of less than 10
was very small. In genomes, where most coding genes can ﬁnd its
orthologous in informative species, it is not expected to see such a
low-CSF population mRNAs. To corroborate this, a population of low
CSF score for mouse coding mRNAs was also not observed (Fig. S2).2.5. Expression of identiﬁed lncRNAs
lncRNAs were found to be expressed at far lower levels than the
protein-coding genes. Here, the expression level of coding mRNAs
with that of intergenic lncRNAs was compared. The current study
also revealed that the expression level of lncRNAs was signiﬁcantly
lower compared with that of the coding genes (pb1e−10 by
Mann–Whitney test, Fig. 4C), which is consistent with previous liter-
ature. The FPKM (Fragments Per Kilobase of exon per Million frag-
ments mapped) values of those intergenic lncRNAs ranged from 3
to 67. Although they are not enriched as the coding genes, most of
them are not extremely rare transcripts.
To conﬁrm that the identiﬁed chicken lncRNAs are transcribed in
vivo, 16 intergenic lncRNAs were randomly selected for RT-PCR vali-
dation. It is impossible to know the strand from which the lncRNAsFig. 5. A) Primer design and RT-PCR reaction setting for validation of chicken lncRNA.
B) Validation of several lncRNAs using RT-PCR. C) Tissue expression pattern of several
lncRNAs using semi-quantitative RT-PCR.are transcribed because the assembled transcripts from original
reads can be of either orientation (Fig. 5A). Therefore, to conﬁrm
the orientation of these lncRNAs using RT-PCR ampliﬁcation, two re-
verse transcription primers were designed, and two separate reverse
transcription reactions were performed for each lncRNA sequence ex-
amined. Based on this analysis, only one of these reactions could gen-
erate sequence products (Fig. 5A). Eight intergenic lncRNAs out of the
16 randomly selected lncRNAs were ampliﬁed using total RNA from
chicken skeletal muscle, indicating that the 8 lncRNAs were tran-
scribed in this tissue as demonstrated in Fig. 5B. The expression of
the six lncRNAs was examined in various tissues from 18-day old
chicken embryos using RT-PCR, and the results demonstrated that
the assayed lncRNAs were detected in the tested tissues having the
same size (Fig. 5C). lncRNA gga-lnc-0181 was highly expressed in
the skeletal muscle which suggests its important role in muscle de-
velopment. The genome browser screenshot of gga-lnc-0181 was
listed in Supplementary Fig. S4.
2.6. Novel lncRNAs are less evolutionarily conserved
To investigate the conservation of novel chicken lncRNAs, the me-
dian PhastCons [38] scores for intergenic lncRNAs, known protein-
coding genes sequenced in our library, and a set of randomly sampled
non-coding genomic intervals matched for the sequence length of
lncRNAs were calculated. Chicken lncRNAs are much less conserved
than the mRNAs of coding genes (pb1e−10 by Mann–Whitney test
for intergenic lncRNAs vs. mRNA) (Fig. 6A). The conservation level
of intergenic lncRNAs was not signiﬁcantly different from the ran-
domly sampled non-coding regions (Mann–Whitney test; p=0.18Fig. 6. A) The cumulative distributions of median PhastCons score for various kinds of
transcripts. B) Density of conserved elements within intergenic lncRNAs located in re-
gions of different GC content. These ﬁve G+C classes were: 1 (30.5% to 37.1%), 2
(37.1% to 39.3%), 3 (39.3% to 41.8%), 4 (41.8% to 45.7%), and 5 (45.7% to 72.6%). The
red lines are the observed conserved element densities for 5 G+C content classes;
the black lines are the expected density and gray bands represent 95% conﬁdence inter-
val assuming that lncRNAs and conserved elements occur independently in the ge-
nome. C) Heatmaps indicate the proportion of aligned sequences of each gene in
each species to chicken. In these two heatmaps, red color means presence and black
means absence in the corresponding species. The color intensity was scaled from
black (0%) to red (100%). The 11 vertebrate genomes were human (hg19), mouse
(mm9), rat (rn4), horse (equCab2), opossum (monDom5), platypus (ornAna1), chick-
en (galGal3), zebra ﬁnch (taeGut1), frog (xenTro2), Gasterosteus aculeatus (qasAcu1),
and zebra ﬁsh (danRer4).
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has found 574 reptile LCNS (long conserved noncoding sequences)
shared by chicken, zebra ﬁnch, and Anolis [39]. We found that only
one of the 281 chicken lncRNAs was mapped to the same region as
those LCNS in their paper, which reveals that our identiﬁed novel
lncRNAs are less evolutionarily conserved.
The proportion of the overlap between intergenic lncRNAs and
evolutionary conserved elements (Fig. 6B, Supplementary Table S3)
was then calculated. The conserved elements are slightly enriched
within intergenic lncRNA regions (1.59-fold increase, p=5e−5).
The analysis was done in a way to control the GC content effects
(see Materials and methods section). The over-representation of con-
served elements was most prominent in high GC content regions for
intergenic lncRNAs (8.4%, 2.2-fold enrichment, GC Bin-5: 45.7%–
72.6%). The results implied that the conservation level of lncRNAs as
measured by the proportion of their overlap with the conserved ele-
ments was slightly but signiﬁcantly higher than the random
sequences.
The presence or absence of an ncRNA gene across the other verte-
brates could provide valuable information regarding its evolutionary
origin. To determine the proportion of RNA present in other verte-
brate genomes, the proportion (0 to 1) of exons of each chicken
gene that can be aligned to ten other vertebrate genomes was calcu-
lated. The proportion of pairwise aligned sequences of chicken in each
gene of various species was visualized using a heatmap (Fig. 6C),
where color intensity was scaled from black (0%) to red (100%).
Genes with similar intensity patterns were clustered together in near-
by rows. The heatmap shows that approximately 1/3 of the coding
genes were conserved across all species, whereas the majority of
non-coding RNA genes were speciﬁc to chicken and zebra ﬁnch.
3. Conclusions
The present study provided the analysis on chicken skeletal mus-
cle lncRNAs which have not been previously examined. The identiﬁ-
cation of the novel lncRNAs greatly increases the number of chicken
ncRNAs. These novel lncRNAs are less conserved than the protein-
coding genes and are slightly more conserved than the random
non-coding sequences. RT-PCR results indicate that the examined
lncRNAs have different expression patterns in various tissues. Espe-
cially, the lncRNA gga-lnc-0181 was highly expressed in the skeletal
muscle which suggests its important role in muscle development.
Aside from the identiﬁcation of novel chicken lncRNAs, the computa-
tional pipeline presented in this work will be useful for characterizing
lncRNAs from deep sequencing data.
4. Materials and methods
4.1. Chicken embryo incubation and tissue collection
Chicken eggs (White Leghorn) were incubated at 37.5 °C for 10 d
(E10), 12 d (E12), 14 d (E14), and 18 d (E18), and the skeletal mus-
cles (pectoralis) were collected. Other tissues including the heart,
liver, kidney, brain, and intestine were collected from chicken embry-
os at E18. Muscle samples were immediately frozen in liquid nitrogen
and stored at −80 °C until RNA isolation. Embryonic manipulations
were conducted in accordance with the protocols of the Chinese
Academy of Medical Sciences and the Institutional Animal Care and
Use Committee of Peking Union Medical College.
4.2. Illumina deep sequencing
Total RNA was isolated from skeletal muscles using TRIzol re-
agent (Invitrogen) and fractionated with a 6% denaturing polyacryl-
amide gel containing 7 M urea (urea-PAGE). RNA fractions with
lengths ranging from 300 nt to 1600 nt were recovered from urea-PAGE and submitted to the Beijing Genomics Institute (BGI) for Illu-
mina sequencing.
4.3. Analysis of sequencing data and assembling RNA transcripts
After ﬁltering the low-quality reads and trimming the adaptor se-
quences, a total of 14 million pair-end reads were obtained. TopHat
[34], which takes splice junctions into consideration, was used to
map the sequence reads to the UCSC chicken genome galGal3. Finally,
the 11.3 million reads were mapped to the genome using the follow-
ing parameters: –mate-inner-dist=50; –mate-std-dev=1000. The
remaining parameters were set to default values. From the distribution
of the reads, more than half were found to be from Chr1. Detailed check-
ing of the distribution of the reads revealed one ribosomal RNA RN28S1
which could account for the abnormality of the sequence. After removing
the reads located in this region (Chr1:104451000–104485000) and the
reads located in ChrM, three million reads remained. All remaining se-
quence reads were assembled using the Cufﬂinks program [33].
The deep sequencing data obtained were deposited in the GEO da-
tabase with the accession number GSE28080.
4.4. Screening of assembled RNA transcripts
Using the Cufﬂinks program, a set of putative transcripts contain-
ing both coding and non-coding transcripts was identiﬁed. To obtain
the putative novel non-coding transcripts, the known transcripts
were ﬁltered out by the Cuffcompare program from the Cufﬂinks
package. The assembled transcripts were compared to the chicken
transcripts, which were constructed by combining the annotated
transcriptomes of Chicken mRNAs, RefSeq Genes, Other RefSeq, and
Ensembl Gene tracks in UCSC (galGal3).
4.5. ORF prediction using getorf
A set of putative non-coding transcripts was obtained using previ-
ously mentioned steps, some of which could be unknown coding
genes. The getorf in the EMBOSS package [40] was used to ﬁlter tran-
scripts with an ORF of more than 180 nt. An ORF is a region that is free
of STOP codons.
4.6. CSF scores
For a pairwise alignment, CSF (codon substitution frequency) as-
signs a score to each pair of target and informant codons as the log-
likelihood ratio of observing the substitution in the coding versus
non-coding sequences. A zero score was assigned if (1) the alignment
was gapped, (2) the aligned codons were the same, or (3) one of the
pair was a stop codon. For multiple sequence alignment, CSF assigns a
score to each codon pair of target and informant species, and the me-
dian value of the scores among all pairs is the ﬁnal score for that
codon position. The likelihood of each pairwise codon substitution
in the coding and non-coding regions was estimated from the
whole genome pairwise alignments of exons and randomly selected
non-coding sequences. The pairwise alignments were extracted
from the UCSC multiz7way data in which chicken was used as the tar-
get species. The CSF score for a genomic interval (e.g. an ncRNA gene)
was calculated using the following steps: for all possible windows of
90 bp within an interval, a score was assigned to each of the 30
codon alignments as described above; the scores were summed up
for each window; the maximum sum among all 90 bp sliding win-
dows was deﬁned as the CSF score for that interval.
4.7. Validation of novel lncRNAs using semi-quantitative RT-PCR
The RT-PCR primers were designed according to the sequences of
speciﬁc lncRNAs. Primer sequences were presented in Supplementary
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strand of cDNA using reverse transcriptase Revert Aid (Fermentas).
The PCR ampliﬁcation was carried out in 25 μl reaction volumes con-
taining 10 ng of cDNA as the template, 1× PCR buffer, 1.5 mM MgCl2,
0.2 mM dNTPs, 0.5 μM primers and one unit of Taq polymerase. After
a 4-min denaturation at 94 °C, PCR was performed for 28 cycles. Each
cycle consisted of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 1 min,
followed by a 72 °C elongation for 6 min and 5 μl of each PCR product
was analyzed using a 1% agarose gel. GAPDH was used as the loading
control. The upstream and downstream primers of GAPDH were 5′-
GTCTTCACCACCATGGAGAAGGC-3′ and 5′-ATTCATTGTCATACCAGGAAA-
3′. The data presented represented three independent experiments.
4.8. Conservation analysis
PhastCons [38] scores were downloaded from the UCSC database.
To assign a conservation score to a transcript, the median phastCons
score for the concatenated exonic regions of each transcript model
was calculated. The conservation score was compared among the
protein-coding sequence, lncRNAs, and random genomic sequences.
To generate a set of random sequences, the non-gap genome region
was initially taken as the full set, and coding exons from all known
and computational gene models were excluded; then, the sequences
whose length match the length of lncRNAs under investigation were
randomly drawn.
The approach of Ponjavic et al. [41] was used to test if lncRNAs
overlap more evolutionary conserved elements than random se-
quences. The chicken genome was initially divided into non-
overlapping 10-kb windows and partitioned into 5 different GC
content bins with equal number of windows. The resulting 5-th
percentiles were 0.305, 0.371, 0.393, 0.418, 0.457, and 0.726, re-
spectively. For the intergenic lncRNAs, a randomized set of seg-
ments from the full space (intergenic or intronic) that matched
the number and length in each GC content bin was generated.
The average of the overlap proportion with the conserved ele-
ments in each GC content bin and all bins as a whole was calcu-
lated and recorded. The randomization procedure was repeated
10,000 times and the resulting proportions of overlap observed
from randomized replicates served as empirical distribution. The
proportion of times, where an empirical observation was larger
than the observed value, was reported as one-sided P-value for
enrichment.
To test the proportion of RNA present in other vertebrate ge-
nomes, we generated a customized whole genome multiple se-
quence alignment containing eleven vertebrate species using data
and tools from UCSC and calculated the base pair coverage of chick-
en lncRNA exons that can be aligned to ten other vertebrate ge-
nomes: human (Homo sapiens, hg19), mouse (Mus musculus,
mm9), rat (Rattus norvegicus, rn4), horse (Equus caballus, equCab2),
opossum (Monodelphis domestica, monDom5), platypus (Ornithor-
hynchus anatinus, ornAna1), zebra ﬁnch (Taeniopygia guttata, tae-
Gut1), frog (Xenopus tropicalis, xenTro2), Stickleback (Gasterosteus
aculeatus, qasAcu1), and zebra ﬁsh (Danio rerio, danRer4). The
lncRNAs with similar proﬁle of aligned proportions were clustered
using Cluster 3.0 [42]. The aligned proportion of all lncRNAs was
then visualized as a heatmap in TreeView 1.60. In the heatmap,
color intensity is proportional to the fraction of aligned bases in
the distantly related species.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ygeno.2012.02.003.
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